The subject of high-energy-density (HED) states in matter is of considerable importance to numerous branches of basic as well as applied physics. Intense heavy-ion beams are an excellent tool to create large samples of HED matter in the laboratory with fairly uniform physical conditions. Gesellschaft für Schwerionenforschung, Darmstadt, is a unique worldwide laboratory that has a heavy-ion synchrotron, SIS18, that delivers intense beams of energetic heavy ions. Construction of a much more powerful synchrotron, SIS100, at the future international facility for antiprotons and ion research (FAIR) at Darmstadt will lead to an increase in beam intensity by 3 orders of magnitude compared to what is currently available. The purpose of this Letter is to investigate with the help of two-dimensional numerical simulations, the potential of the FAIR to carry out research in the field of HED states in matter. A study of the fundamental properties of high-energydensity (HED) matter is of considerable importance as it has very wide applications to basic as well as to numerous branches of applied physics. In addition to that, it has great potential for lucrative industrial applications. Theoretical calculations have demonstrated that an intense heavy-ion beam can be a very efficient tool to study the equation-ofstate (EOS) properties of HED matter using the heavy-ion heating and expansion (HIHEX) technique [1] that employs isochoric heating of a sample material by the ion beam that is subsequently allowed to expand isentropically. While going through the expansion process, the sample material will pass through many interesting physical states that are either very difficult to access or for some materials even inaccessible, using the traditional method of shock compression. Figure 1 presents the EOS surface of lead in pressurevolume-temperature variables that is calculated using a semiempirical model [2] . The picture shows the parameter space in which different phases of matter will exist and where different phase transitions will take place. On this surface, we also plot experimental data that have been obtained using different techniques, including diamondanvil-cell [3], isobaric expansion, or exploding wire technique [4] , and shock compression of solid [5] [6] [7] and porous [8] material. A few release isentropes [9] of the shocked matter are presented as well. Moreover, lines with a constant degree of ionization and the plasma nonideality parameter are indicated on this figure.
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The colored line, below the Hugoniot curves H 1 and H P that represent the shock adiabats in the case of solid and porous materials, respectively, in Fig. 1 , shows the isochoric heating path that will be followed by the beam heated matter, and the colored surface below this line indicates the region of the phase diagram that will be FIG. 1 (color). Equation-of-state surface for lead in P-V-T variables (logarithmic scale). The painted area bounded by corresponding isochore and isentrope shows the parameter region accessible with SIS18 and SIS100 heavy-ion beams (the HIHEX experiment). Also shown: M, melting region; H, principal and porous Hugoniot curves; DAC, diamond-anvil-cells data; IEX, isobaric expansion (''exploding wires'') data; S, release isentropes; R, boundary of two-phase liquid-gas region with the critical point, isolines of ionization degree , and plasma nonideality parameter . accessible in the HIHEX experiments using the upgraded SIS18 beam and a more powerful beam that will be generated at the future facility for antiprotons and ion research (FAIR) [10] .
Currently, the uranium beam generated by the existing synchrotron, SIS18, has an intensity of 4 10 9 ions with a particle energy of up to 1 GeV=u delivered in a single bunch, a few hundred nanoseconds long. It is expected that when the SIS18 upgrade is completed, the beam intensity will increase to 2 10 11 ions, while the bunch length will be reduced to about 50 ns. A new synchrotron, SIS100, which will be built at the future FAIR, will provide a much more powerful uranium beam with an intensity of 2 10 12 ions per bunch. The particle energy will be in the range of 400 MeV=u-2:7 GeV=u, and, depending on the energy, the bunch length will be in the range 20 -100 ns.
The beam intensity at the above two facilities is expected to increase gradually, and the respective maximum beam intensities will be achieved over a period of several years. It is thus important to know if one can perform useful experiments during the intermediate stages of the facility upgrades. For this purpose, we have carried out extensive numerical simulations of thermodynamic and hydrodynamic responses of a sample material (lead) using the two-dimensional computer code BIG-2 [11] , considering a wide range of beam intensities (10 10 -10 11 ions=bunch). The proposed experiment design showing the beam-target configuration is presented in Fig. 2 .
The target consists of a thin cylinder (wire) of a test material that is surrounded by a cylindrical shell or wall of a strong transparent material such as LiF or sapphire. The target can be supported in many possible ways; for example, it can be freely suspended with the surrounding wall or it can be held by thin conductivity measurement probes at the two ends of the target. The beam is incident on one face of the target and the ions penetrate into the target along its length. The length of the cylinder is considered to be much smaller than the range of the ions so that the Bragg peak does not lie inside the target and the energy deposition is uniform along the ion trajectories. Moreover, we assume that the diameter of the target is much less than that of the ion beam, which in fact is the full width at half maximum (FWHM) of the Gaussian power distribution in the beam focal spot along the transverse direction. Fulfillment of these conditions ensures a fairly uniform energy deposition along the target radius as well as the length. The heated material expands in the radial direction only as the fringe effects are minimized considering the cylinder length to be much larger than the radius so that the problem is reduced to a one-dimensional radial expansion. Typically, the cylinder length is a few millimeters, while the radius is of the order of a few hundred micron.
First, we present results using a 1 GeV=u uranium beam having N 2:5 10 10 , 50 ns, and a focal spot diameter FWHM 2 mm. The target is assumed to be a solid lead cylinder having a length l 2 mm and a radius r 300 m. In Fig. 3(a) we present the material state at t 25 ns, during the target irradiation with a specific energy deposition E s of 0:45 kJ=g. It is seen that solid lead has been converted to a liquid state having a temperature of about 3400 K and a pressure of 78 kbar. Figure 3(b) is plotted at t 50 ns, when the beam has just delivered its total energy (E s 0:9 kJ=g). The sample material is still in a liquid state but at a higher temperature and pressure of 6100 K and 125 kbar, respectively. sion that leads to reduction in density, temperature, and pressure, and the sample material enters a two-phase liquid-gas state. Tables I and II show the material physical conditions and material state at t 25 and 50 ns, respectively, meaning during and after beam heating, for various beam intensities and beam spot sizes. It is seen that in all these cases, the sample material has been converted into liquid (L) and a wide range of pressure and temperature is achievable.
In Fig. 5 we plot the density, temperature, and pressure vs radius at t 400 ns using a beam intensity of 10 11 ions=bunch and a beam spot size FWHM 3 mm. It is seen that the achieved values of the corresponding variables are very close to the calculated critical point parameters of lead [12] , which are T C 5500 K, P C 2:3 kbar, and C 3:1 g=cm 3 . Figure 6 shows the material density vs radius at t 120 ns for the same beam intensity as in Fig. 5 , but using FWHM 1 mm. The achieved values show that the sample material will be in a strongly coupled plasmas state with a coupling parameter of the order of 4 [13] . Table III shows the final material states, namely, expanded hot liquid (EHL), gaseous (G), two-phase liquidgas (2PLG) and strongly coupled plasma (SCP), that can be achieved using different beam intensities and focal spot sizes.
Efficient diagnostics is the backbone to the success and usefulness of any experiment. In the proposed HIHEX scheme, the EOS will be determined by direct measurement of the basic physical parameters of the sample material including density, temperature, and pressure. Because of the high density and exotic behavior of the electrons in the HED sample, the standard diagnostic techniques will fail. Moreover, these exotic states are available in the laboratory in a highly transient state that requires a high temporal resolution of the diagnostics (typically of the order of a nanosecond). Measurements will be made during as well as after beam heating of the target. For the temperature measurements, a fast multichannel pyrometer is being developed. The large dynamic range (about 10 000) of this instrument due to its photodetectors, specially designed amplifiers, and large number of channels will allow one to measure target temperatures over a wide range (from 1000 K to more than 60 000 K). The spatial resolution of the system will be as good as 50-100 m, which is sufficient to perform experiments using targets with typical dimensions of 1 mm.
The density distribution in the sample will be determined by ion and proton radiography. The ions will be provided by an additional diagnostic beam that will be delivered by the SIS18, while the protons will be generated by the petawatt high-energy laser for heavy ion experiments (PHELIX) that is being constructed at the Gesellschaft für Schwerionenforschung (GSI). The ion and proton beams for radiography will be incident perpendicular to the target. In addition to that, x-ray backlighting and the shadowgraphy technique will be used to measure the volume of the expanding material.
The expansion velocity of the material and the material pressure will be measured using laser interferometric methods, especially the velocity interferometer system for any reflector (VISAR) technique [14] . The metal-toinsulator transition will be investigated by performing conductivity measurements employing contact as well as noncontact methods.
Conclusions.-Numerical simulations have shown that the intense uranium beams that will be available at the GSI Darmstadt upgraded heavy-ion synchrotron SIS18 and at a much more powerful synchrotron SIS100, which will be built at the future FAIR, could be a very efficient tool to study the EOS properties of HED matter in a parameter range that is inaccessible employing other techniques such as shock compression of matter. Using our proposed HIHEX technique, one can access the states of expanded hot liquid, the two-phase liquid-gas region, the critical point region, and the strongly coupled plasmas. It is also to be noted that, using the exploding wire technique to study EOS [4] , one can investigate a sample of conducting material only. In the case of our proposed HIHEX method, the choice of the sample material is unrestricted, which underscores the power and usefulness of this method. 
